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PREFACE 
From my experience, I have found that very few theses are ever 
read from cover to cover. Some readers are interested only in the 
numerical results of the study and the conclusions drawn therefrom, 
while others are mainly interested in the experimental techniques, the 
actual materials studied being irrelevant. Some readers are attracted 
to a thesis under the assumption it may provide a more extensive guide 
to the literature and basic theory than the decorum of the scientific 
journal permits. 
I have tried to write this thesis in a manner that will facilitate 
these varied types of reading. In Chapter I a section on basic theory 
has been included for the last type of reader. The arguments given here 
are based on physical understanding and plausibility, rather than mathe­
matical rigor. It is my hope that the necessary tautologies of such a 
format will not prove prohibitive to the rare reader who possesses the 
inclination towards a comprehensive reading. 
The study reported In this thesis Is a twin to the study of 
Dr. Albert Harvey. In order to keep this thesis from being an exercise 
In paraphrasing, I have exercised the option of being more explicit in 
some areas and necessarily more terse In others. This was done under 
the assumption that Dr. Harvey's thesis will be as readily accessible 
to the reader as mine. 
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CHAPTER I. INTRODUCTION 
The first major breakthrough in the understanding of the resis­
tance minimum exhibited by dilute magnetic alloys was Kondo's paper (1) 
in 1964. He assumed that localized magnetic moments resided on the 
impurity sites and would interact with the conduction electrons via 
the s-d Hamiltonian. The success and the shortcomings of this second 
Born approximation calculation, along with the works of Daniel and 
Friedel (2) and Anderson (3) on the description of localized magnetic 
states in metals, have stimulated much research in recent years. Ex­
cellent review articles covering the progress made up to the late 19&0's 
have been given by Daybell and Steyert (4), Kondo (5), and Heeger (6). 
A more recent theoretical review has been provided by Fischer (?)• 
The formation and magnitude of the local moment depend on the 
delicate interplay of three quantities; (1) the position of the Fermi 
level relative to the energy of the d-state resonance, (2) the density 
of states of the host metal at the energy of the d-state resonance, 
and (3) the strength of the exchange and correlation effects (these are 
responsible for Hund's rules for atoms) which cause the spin splitting 
of the virtual bound state. It is well established that Fe, Mn, and 
Or all exhibit local moment behavior in Cu (4) as well as resistivity 
minima (8,9,10). in addition, ail three systems show a negative mag-
netoresistance (8,10,11). Thus, this set of alloys provides an ex­
cellent opportunity to study how the altering of the Cu host in some 
continuous fashion affects the resistivity and magnetoresistance of 
these alloys. 
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The first work in this direction was done by Gartner et al. (12,13) 
on Cu-Ni (Fe) alloys with Ni concentrations of 6, 12, and 23 at. % and 
Fe concentrations up to 1100 at. ppm. For fixed Ni concentrations, 
they found that the impurity contribution to the resistivity was pro­
portional to the Fe concentration. However, the slopes of the log(T) 
plots of the resistivity decreased with increasing Ni concentration. 
Concurrent work by Bennett et al. (14), on the Mossbauer effect in 
Cu-Ni (Fe) alloys, showed evidence for the existence of magnetic Fe-Ni 
clusters. 
Harvey et al. (15) continued the investigation by measuring the 
resistivity and magnetoresistance of Cu-Ni (Mn) alloys with concentra­
tions comparable to those in Gartner's study. They found that the 
impurity contribution to the resistivity and magnetoresistance were 
proportional to the Mn concentration and were essentially independent 
of the Ni concentration. 
The present work is concerned with the effect of alloying Ni into 
the Cu-Cr system. Concentrations wers chosen so that this study would 
be comparable to the previous two. However, a strong Cr-Cr interaction 
adds an extra complication to this study that was not present in the 
previous investigations. 
Basic Theory 
The early work of Friedel treated the problem of a 3-d transition 
metal impurity in a noble metal host by first assuming that the s and 
d electrons of the impurity are given up to the conduction band of the 
host. The resulting ionic charge around the impurity produces a 
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perturbing potential that scatters the conduction electrons. If this 
potential is nearly strong enough to support bound d-state electrons, 
then the scattering of the conduction electrons will lead to metastable 
states referred to as "virtual bound states." in order to explain the 
appearance of a magnetic moment, it was assumed that exchange and cor­
relation effects would operate to split the degeneracy of the spin-up 
and spin-down electrons in the virtual bound state so that the spin-up 
and spin-down states would be occupied by an unequal number of electrons 
up to the Fermi level, Ep. 
This treatment has the conceptual difficulty that instead of being 
a model with actual localized electrons, it is a many-electron band 
model. In order to remove this difficulty, I will outline an equiva­
lent treatment given by Daniel and Friedel (2) that leads nicely to 
the Anderson model. Instead of assuming that the Impurity gives up 
its electrons to the conduction band, we look at the problem of a con­
duction band with eigenstates |1<) and an impurity atom, which differs 
from the host by an additional bound d-state electron, with eigenstate 
|d) and eigenvalue E^- Let be the noninteracting Hamiltonian such 
that: 
We now turn on the alloying potential adiabatical1 y so that the 
new Hamiltonian of the composite system is 
H„1C> = EJK) and ( I )  
H = + V . 
o 
( 2 )  
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A phenomeno logical potential for the host plus impurity is shown in 
Figure 1. Due to the degeneracy of the atomic d-state with the states 
of the conduction band, we look for eigenstates, |i|;), of H as wave 
packets built from the atomic d-state and the k-states close to it in 
energy: 
10 = b|d) +5 a(k) |i() , (3) 
k 
such that 
H|ili) = (H^ + V)|^) = El\j() . (4) 
From standard perturbation considerations, one obtains the two 
coupled equations: 
b = y a(iZ)(d|V|lZ) 
^ E-E,+ i\ d -
and (5) 
It has been assumed that matrix elements of the form ()< |V |](' ) are 
negligible (of dubious validity) and terms of the form (djVjd) can be 
made to vanish by a suitable choice of The uncoupling of the 
equations in Expression 5 yields a solution Tor b: 
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REGION OF ATOMIC d-LIKE 
WAVE FUNCTION 
ATOMIC POTENTIAL 
REGION OF s-d MIXING 
d 
REGION OF FREE ELECTRON 
WAVE FUNCTION 
"ACTUAL' POTENTIAL 
•""T Ej + U 
- E 
Figure 1. A heuristic picture of the potential for an impurity atom 
with a nearly bound d-state electron in a free electron metal and the 
density of state distribution for a magnetic solution of the Anderson 
HamiItoni an. 
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where 
P.P.J (7) 
k 
and 
r= 2aj<d|V|C)4(E^-E)dk3 = 2K|(d|V|C)|2p,(E) , (8) 
with pj(E) being the density of states of the conduction band. 
The probability of finding an electron with energy E in the atomic 
state |d) is 
i b | ' . — .  ( 9 )  
[ E -  ( E j + A ) ]  +  r / 4  
This shows that the atomic function is broadened into a Lorentz-shaped 
virtual bound state with its resonance energy shifted from Ey by an 
amount A and having a line width F- By integrating Equation 9 over 
the conduction band, we find 
Jlb|^p,(E)dE = 1 . (10) 
This shows that the virtual bound state can accommodate the same amount 
of charge as the atomic state which, by the intrinsic nature of |d), 
must be strongly located in the impurity ceii. 
This treatment has ignored the fact that an electron possesses a 
spin. Anderson (3) incorporated the spin by assuming that the major 
spin dependent force which would act to lift the spin degeneracy of 
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the virtual bound state, would be the d-state "repulsion" between op­
posite spin electrons. He denotes the strength of this Interaction by 
the parameter U so that the second-quantized form of Expression 2 can 
be written as 
H = E E, c^Cic,s)c(k,s) + 2 E. d"'"(s)d(s) + Ud^ (s)d(s)d^(-s)d(-s) 
t , s  ^  s  d  
+ Vy^Jc^YG, s)d(s) + df(s)c(k^s)] , (11) 
k,s 
where c(l<, s) and d(s) are the annihilation operators for conduction 
and d-state electrons, respectively, and is essentially our old 
friend (l<|V|d). A discussion of the many attempts to solve Equation 11 
is far beyond the scope of this thesis, and the interested reader is 
referred to the review articles previously cited. 
In general, it can be said that the formation of a local magnetic 
moment is favored for large values of U compared to the level width, 
r, and for symmetric splitting of the virtual bound states about the 
Fermi level. This is represented schematically in Figure 1 where the 
energy shift of the d=state resonance has been ignored. 
Kondo (1) started his famous resistivity calculation by assuming 
the interaction between the local moment and the conduction electrons 
could be wri tten as 
H' = -JS's , (12) 
where S is the spin on the impurity, s is the spin of a conduction 
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electron and J is the antiferromagneti c coupling constant. (Q,ui te often 
Equation 12 is written with an extra factor of 2 and/or with a factor 
of the volume of the atomic cell.) From Equation 12 Kondo derived the 
impurity contribution to the resistivity, 
Ap = c R^[l + 2(j/N)p,ln(kgT/D)l , (13) 
where c is the atomic concentration of magnetic impurities, is the 
first Born approximation contribution, N is the number of crystalline 
cells, kg is Boltzmann's constant, and D is the half width of the 
conduction band. 
It is imperative in understanding the conclusions drawn from this 
study to realize that the ln(T) term is a direct consequence of the 
ability of the conduction electrons and the impurity electron to alter 
their spin projection values during the scattering process. In fact, 
scattering processes where a spin flip is not involved only contribute 
to the residual resistivity. The fact that Equation 13 diverges at 
low temperatures is not of primary importance to this work. For a 
discussion of the techniques employed to remove this troublesome 
divergence, the reader is referred to the literature (5-7,16-23). 
In addition, Equation 13 does not take into account the effect the 
ordinary scattering has on the exchange scattering which is responsible 
for the anomalous thermoelectric power in dilute magnetic alloys and 
the reversal in the slope of the R-T curve for alloys such as Rh-Fe (24). 
9  
Schrieffer and Wolff (25) and Bailyn (26) showed the equivalence 
of the Anderson Hamiltonian and Kondo Hamiltonian by applying a canonical 
transformation to the Anderson Hamiltonian in order to eliminate the 
mixing interaction, to first order. Their transformation is valid 
for values of Ep.-Ey>r and Ej+U-Ep.>r and leads to the expression for J, 
where all energy dependent quantities have been evaluated at Ep. 
The effects of an external magnetic field were Incorporated into 
the problem by Bdal-Monod and Weiner (27), More and Suhl (28), and 
Bloomfield et al. (29). A qualitative discussion of the resistivity 
under the influence of a magnetic field will be given in Chapter IV. 
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CHAPTER II. EXPERIMENTAL PROCEDURE 
Sample Preparation 
Tlie Cu-Ni master alloys were prepared from 99-999+% pure Cu and 
99'999% pure Ni obtained from the American Smelting and Refining Company 
and the Atomergic Chemetals Company, respectively. The largest magnetic 
impurity present in either starting material was Fe, which was less than 
0.7 wt. ppm in the Cu and 3 wt. ppm in the Ni. A complete analysis of 
the starting materials can be found in Appendix B. 
The base metals were first electron beam melted under high vacuum 
in order to remove volatile impurities and then arc melted together in 
a shallow graphite crucible to form three alloys of 6, 13, and 23 at. % 
Ni. The graphite crucible was necessitated by the high melting point 
of the Ni relative to the Cu. Crystal bar Cr of 99-99+% purity, ob­
tained from the Chromailoy Corporation, was arc melted with Cu to form 
a 1 at. % Cr master alloy. This alloy was then arc melted in appro­
priate quantities with the aforementioned Cu-Ni alloys to obtain 
Cu-Ni(Cr) alloys with nominal Cr concentrations of 125, 300, 6OO, and 
1200 at. ppm. 
The resulting fingers were swaged and drawn through a tungsten 
carbide die into wires of approximately a 0.04 inch diameter. Two 
samples, about an inch in length, were cut from each parent wire and 
electropolished in a solution of three parts methanol to one part 
nitric acid. The samples were sealed in evacuated quartz ampoules and 
annealed for three days at 1000 C. At the end of this annealment, the 
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samples were quenched as rapidly as possible in ice water. About a 
six inch piece of the parent wire was used for analysis. The results 
of this analysis are given in Table 1 on page 23. 
In recent years it has been discovered that Cu-Ni alloys do not 
form the homogeneous solid solutions that one might expect. For Ni 
concentrations in excess of 4? at. % the alloys are ferromagnetic. For 
Ni concentrations between 30 and 4? at. % giant magnetic polarization 
clouds tend to be associated with the Ni rich regions. The existence 
of these clouds is confirmed by their superparamagnetic susceptibility 
(30,31), neutron diffraction experiments (32,33), and the minimum ob­
served in their resistivity along with their negative magnetoresis-
tance (34,35,36). Attempts to explain the appearance of these moments 
by a simple environemnt dependent model of the Jaccarino-Walker type 
have been quite promising (37,38). 
In any system that shows local environment effects one has to 
worry about the dependence of the short-range order parameters on an-
rieaiing time and temperature. Seib and Spicer (39) have giver. 3 fairly 
extensive discussion on the dependence of the cluster phenomenon on the 
annealing parameters. Their conclusion, along with the conclusion of 
Perrier et al. (38), is that for annealing temperatures above 400 C, 
and long enough annealing times, there will be no short-range order. 
Thus, for Ni concentrations less than 23 at. % the annealing time and 
temperature employed should Insure a rather small departure from homo­
geneity In the Cu-Ni host alloys. 
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Resistivity Measurements 
The electrical resistivity from 1.2 to 100 K and the longitudinal 
magnetoresistance (current parallel to magnetic field) from 0 kOe to 
85 kOe at 4.2 K were measured on these Cu-Ni (Cr) samples. The measure­
ments were made by the standard dc four-probe technique using a poten­
tiometer with a resolution of +5 nV and a photocell amplifier. The 
currents employed were less than 200 ma and stable to better than one 
part in 10^. Au-Fe and constantan vs Cu thermocouples were used to 
determine the temperature, and magnetic fields were supplied by a 100 kOe 
superconducting solenoid. 
The Cr concentrations are probably uncertain by at least 10%. 
This inherent error tends to make the uncertainties due to the measuring 
apparatus relatively unimportant. The ubiquitous problem of He absorp­
tion on the surface of the samples is believed to account for the slight 
cusps at h.Z K evident in some of the log(T) plots of the resistivity. 
As a check on systematic errors and solubility problems, the second 
sample, for a few concentrations, was measured. in no cases were there 
any significant deviations in the data between the two samples. No 
studies were made on the possible effects of different annealing times 
and temperatures. 
Temperature dependence of the resistivity 
Figures 2-4 show, respectively: the electronic circuit, the 
sample holder and the voltage probes used to measure the resistivity. 
The electronic circuit can be divided into three sections in correspon­
dence with the measured variables V, I, and T in the governing relation 
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ICE BATH CONSTANTAN 
Au-Fe 
Cu No. 30 
SAMPLES 
POTENTIOMETER 
O—' 
PHOTOCELL 
AMPLIFIER 
K-5 
POTENTIOMETER 
GALVANOMETER 
NULL 
DETECTOR 
RESISTIVITY VOLTAGE 
RESISTIVITY CURRENT 
AND TEMPERATURE A. La N TYPE 31 LOW 
THERMAL SWITCH 
B. L a N TYPE 31 LOW 
THERMAL SWITCH 
C. 7 PIN AMPHENOL 
CONNECTOR 
0.1 OHM 
STANDARD 
RESISTOR CONSTANT 
CURRENT 
SUPPLY 
Figure 2. Electronic circuit used to measure the resistivity 
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STYCAST EMF 
FEEDTHROUGH 
BRASS COLLARS 
PUMPING ORIFICE 
0030" DIA; 
PUMP CAN 
MANGANIN 
HEATER 
COPPER SENSING 
RESISTOR 
CARBON SENSING 
RESISTOR 
THERMOCOUPLE 
LOCATION 
I OF 4 SAMPLES 
1/2" OD. S.S. 
3/8" OD. S.S. 
WOODS METAL 
I OF 3 Cu 
THERMAL GROUNDS 
2 1/8" O.D. Cu 
1/4" OD. S.S. 
(FOR LEADS) 
2 5/8" OD.Cu 
4 THERMAL GROUNDS 
(NOT SHOWN) 
HEAT LEAK 
CHAMBER 
PHOSPHOR-BRONZE 
OR TANTALUM SPRING 
(NOT SHOWN) 
Figure 3. The resistivity sample holder 
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H- 5/8"—+—1/2"-4- 1/2" 1/2'  
1/8" X 1/8" GROOVE-
SCREW 
THREADS NNKi 
HOLE FOR THERMOCOUPLE 
T 
3/8" 
I 
SIDE VIEW 
HOLE FOR 
EMF WIRES 
3/16 
SPRING GROOVE \ / 
SHARPENED PHOSPHOR-BRONZE STRIP 
.STYCAST SEAL 
J 1/8' 
1/16" 
Cu OR BRASS 
VOLTAGE PROBE 
1/2" 
Figure 4. Sample area of the resistivity sample holder 
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( 1 5 )  
In this equation p is the resistivity, A is the cross sectional area 
of the sample, L is the length of the sample between the emf probes, 
I is the current flowing through the sample, and V is the emf along the 
sample which is a function of the temperature, T. 
The sample emf was measured by either a Guildline or Honeywell 
0.01 microvolt potentiometer. The out of balance signal was amplified 
by a Guildline nanovolt amplifier and fed into a Guildline secondary 
galvanometer. A single twelve-position four-pole Leeds and Northrup 
rotary switch was used to reverse both the sample emf polarity and the 
direction of the sample current. This switch was enclosed in a box to 
protect it from air currents. 
Number 36 Cu wire was used for the emf leads in the sample holder, 
but because of the high impedance of the wire, it was converted to 
No. 20 Cu wire at the ice bath. These wires were joined to the reversing 
switch by means of a Cu terminal strip. The ice bath junctions were 
made by putting the soldered leads into mineral oil filled glass tubes 
that were in direct contact with the ice water. 
The sample current was determined by measuring the voltage across 
thermocouples, was measured wi th a Leeds and Northrup K-5 potentiometer 
and null detector. The constant current supply, that produced the 
sample current, has been described by Mellon (40). An isolation trans­
former has been added to this supply to decrease its capacitive coupling 
a 0-Î ohm standard resistor This and the voltage from the 
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with the null detector. It was found to be advantageous to float all 
the equipment and ground each chassis separately. The grounding of the 
measuring circuit is indicated in Figure 2. 
The temperature was determined by a Au-Fe or constantan vs Cu 
thermocouple anchored in, but electrically insulated from, the Cu block 
next to the samples. The former was used for temperatures below 30 K 
and the latter for above 30 K. The thermocouples were calibrated using 
the master calibrations of Anderson et al. (41) for Au-Fe vs Cu and of 
Sparks et al. (42) for constantan vs Cu thermocouples. Since the aging 
of and strains in the wires prevent any two thermocouples from being 
identical, it was necessary to modify these calibrations to fit our 
particular thermocouples. 
Anderson et al. found that below 30 K the difference between the 
calibration curves of two different Au-Fe thermocouples was essentially 
independent of the temperature. This allowed us to calibrate our Au-Fe 
thermocouple by adding a constant emf to Anderson's value, which was 
determined by using the boiling point of liquid He at atmospheric 
pressure as a standard. 
The correction needed for the constantan vs Cu thermocouple was 
not of this constant variety. To calibrate this thermocouple a method 
of linear extrapolation between two reference points was employed. 
That is, if we know that the emf at temperature T^ differs from the 
calibration curve by an amount and at Tg it differs by Vg, then at 
a n y  t e m p e r a t u r e  T  t h a t  l i e s  b e t w e e n  T j  a n d  T g  w e  a s s u m e  t h e  e m f  w i l l  
differ from the calibration curve by an amount 
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V,(T,-T) V, 
Four reference temperatures were used in this scheme. Two were pro­
vided by the boiling points of liquid He and Ng- The other two were ob­
tained by constraining the constantan thermocouple to agree at 30 K with 
the previously calibrated Au-Fe thermocouple and by assuming that there 
would be no correction to the curve at room temperature. 
To achieve temperature equilibriums below 4.2 K, He was condensed 
in the pump can and the heat leak chamber was evacuated. The vapor 
pressure over the condensed He was regulated by a manostat which was 
designed and built by Mr. Marc PItchford. With sample currents of 
about 100 ma and a one horsepower vacuum pump, temperatures as low as 
1.2 K were achieved. For condensation times of ten minutes at ten lbs. 
pressure, it was possible to take data for about ten hours below k K. 
Temperatures above the boiling temperature of the respective 
cryogenic fluid were obtained by passing an appropriate current through 
a heater of No. 34 manganin wire which was wound on the pump can. This 
current was determined by a proportional temperature control ter that 
has been described by Mellon (40). This controller Is sensitive to the 
out-of-balance signal from a Wheatstone bridge, one arm of which Is a 
temperature sensing resistor. 
For temperatures below 30 K, a 56 ohm carbon resistor was employed 
as the temperature sensing element. This was enclosed in a Cu block 
that was soldered ts> the bottom of the pump can. Above 30 K, a 156 ohm 
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coil of No. 38 Cu wire served as the temperature sensing element. The 
Cu sensing wire and manganin heater were wound noninductively on the 
pump can. The Cu wire was wound on the can over the leads to the carbon 
resistor. The manganin heater was wound over the Cu sensor an^d spaced 
over 2/3 of the length of the can. To insure good thermal contact, 
these wires were secured by a strip of Stycast 2850FT epoxy, about 3/4 
of an inch wide, applied to the region that covered the leads to the 
carbon resistor. The remainder of the can was given a coat of dilute 
G. E. No. 7031 varnish. In order to minimize heat conduction, the leads 
to the sensors and heater were made of No. 30 manganin wire that en­
tered the sample holder through a seven pin Covar seal. 
The voltage probes consisted of sharpened phosphor-bronze strips 
glued in a Cu bar. This was accomplished by cutting narrow slits in 
the Cu bar with a jeweler's saw and coating the walls of the slits with 
a thin layer of Styeas : epoxy. The sharpened strips were aligned in 
the slits and then stabbed into a bar of soap. The blades were then 
glued In place with Stycast. The Cu emf leads, which entered the vacuum 
chamber through a stycast feed through, were soldered with pure indium 
to the phosphor-bronze strips. This design has the advantage of mini­
mizing the number of dissimilar metals in the emf circuit as well as 
providing a probe assembly that has very good thermal conductivity and 
a coefficient of thermal expansion similar to that of the sample. 
The samples were electrically insulated from the Cu block by a 
thin sheet of mylar. The No. 32 Cu current leads were soldered to 
the samples with pure indium. The samples were moored by a tantalum 
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or phosphor-bronze spring that fits into a groove which runs around 
the emf probes. 
It seems apropos that I should include a few words evaluating the 
design and performance of the sample holder. This single can design 
with an overhead pump can has the advantages of convenience of long 
times below 4.2 K In which to take data, rapid approach to equilibrium 
temperatures and permits measuring the resistivity of four samples at 
once. The sensitivity of the emf circuit is more than adequate. 
The only real problem with the apparatus was the temperature con­
trolling between 25 and 45 K. Since liquid Hg has been phased out at 
this laboratory as a cryogenic fluid, it was necessary to take data in 
this region on a liquid He bath, and this necessitated using virtually 
no exchange gas in the heat leak chamber in order to minimize the He 
boil off rate. This, coupled with the fact that both the copper and 
carbon sensors have their lowest sensitivities In this region, made the 
temperature equilibriums unstable. In spite of these difficulties, it 
was possible, after gaining expertise, to obtain temperature equilibriums 
stable to +0.05 K In this region. Above 45 K and below 10 K the sta­
bility in the temperature equilibriums was better than the uncertainty 
in the thermocouple calibration, which is bounded by about +0.02 K. 
Magnetic field dependence of the resistivity 
The magnetic fields needed were produced by an R. C. A. model 
SM 2804 superconducting solenoid. The magnitude of the magnetic field 
was determined by monitoring the transverse magnetoresistance of a Cu 
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coll. The magnet, associated dewar system, and the method of calibrating 
the magnetoresistance coil have been described by Richards (43) and 
Cornforth (44). 
The sample holder, which was dipped directly into the He bath, 
and the voltage probe design are very similar to those shown in 
Figure 4. Details on the dimensions can be found in the thesis by 
Harvey (45). 
The circuit and equipment used were essentially the same as is 
shown In Figure 2. The major differences being that the thermocouples 
were no longer needed, and the Ice bath and Leeds and Northrup rotary 
switch were replaced by a Gulldline low thermal switch. 
A list of equipment, its use, and Ames Laboratory equipment num­
bers used in measuring the temperature and magnetic field dependence 
of the resistivity can be found in Appendix C. 
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CHAPTER III. EXPERIMENTAL RESULTS 
Figures 5-7 show the electrical resistivity of the alloys listed 
in Table 1. The magnetoresistance is shown in Figures 8-11. A complete 
tabulation of the data used in preparing these graphs can be found in 
Appendices D and E. 
Figure 5 shows the resistivity of the host alloys. The data 
points shown are the result of a least squares computer fit to the data 
given in Appendix D. From the values of the residual resistivity, 
given in Table 1, it can be seen that the residual resistivity is pro­
portional to the Ni concentration with each atomic percent of Ni con­
tributing about 1 MO-cm to the residual value. The slight minimum in 
the 23 at. % Ni sample may be due to the formation of the magnetic 
polarization clouds mentioned earlier. GMrtner et al. (12) saw slight 
minima in both their 12 and 23 at. % Ni host alloys. Harvey's data (45) 
does not rule out the possibility of a minimum in the 23 at. % Ni alloy, 
but there seems to be no evidence in his data or mine to support the 
minimum seen by Gartner et al. in their 12 at. % Ni alloy. The abrupt 
fall off of the resistivity in the 13 at. % Ni sample at low tempera­
tures is probably spurious as the previous investigations have shown no 
evidence for such behavior. 
The resistivity data for the Cr-bearing samples Is shown in Figure 6, 
where the curves have been divided by the Cr concentrations to facili­
tate comparison. All the Cr-bearing samples exhibit resistivity minima, 
and below the temperature at which the minimum occurs, T^.no evidence 
Table 1. The analysis of the samples; the value of the temperature at which the minimum occurs, 
^min' the impurity contribution to the resistivity at 1-3 K minus the value at T^;n» 
the residual resistivity; and the impurity contribution to the magnetoresistance at 
85 i<Oe 
Sample 
(at. % Ni ) 
(at. ppm Cr) 
T .  
mi n 
(K) 
Ap(1.3 K)-Ap(Tm;n) 
ppm 
(nOcm) 
p(4.2 k) 
(^0-cm) 
Ap(85 kOe) 
ppm 
(nfhcm) 
Cu .010 
Cu-Cr (114) 23.0 .404 . 149 -.070 
Cu-Cr(286) 26. 0 
.323 •319 076 
Cu-Cr(645) 28.5 .178 .493 -.053 
Cu-Cr (1236) 30.5 . 103 .789 -.037 
Cu-5.5Ni " " — WW 5.98 
Cu-5.5Ni-Cr(l38) 21.5 .342 6. 11 -. 102 
Cu-5.5Ni-Cr (301 ) 26. 0 •345 6.23 -.097 
Cu-5.4Ni-Cr(645) 30.0 .250 6.40 -.065 
Cu-5.5Ni-Cr(ll8S) 34.5 .216 6.95 -.054 
Cu-12.8Ni — — —. — •• M W H 14.0 " 
Cu-12.6Ni-Cr(l60) 22. 0 .200 14. 0 -.050 
Cu-12.7Ni-Cr(278) 25.5 .201 14.0 -.049 
Cu.l2.6Ni-Cr(53I) 27.0 . 166 14.0 -.043 
Cu-12.4Ni-Cr (1205) 34.5 . 164 14.0 -.035 
Cu-22.9Ni •V av « mm ^  ma wm 25.3 
Cu-22.9Ni-Cr (140) 19. 0 .055 25.3 -. 024 
Cu-22.9Ni-Cr(327) 23.0 . 066 25.3 -.016 
Cu-23.0Ni-Cr(6l8) 25. 0 .072 25.3 -.017 
Cu-22.6N;-Cr(1209) 30. 0 .080 25.3 -.017 
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was found for a resistivity maximum. The depths of the minima in the 
23 at. % Ni samples are at least a factor of two larger than the minimum 
depth observed in the corresponding Cr-free alloy. The values of the 
residual resistivity are given in Table 1. It  was necessary to average 
the residual values of the 13 and 23 at. % Ni alloys over the various 
Cr concentrations since fluctuations in the Ni concentration, coupled 
with the error in determining the respective geometric factors, caused 
a nonsystematic behavior In the residual resistivity values. 
The Impurity contribution to the resistivity per at. ppm of Cr is 
plotted as a function of log(T) in Figure 7- This quantity is defined 
as the difference between the resistivity of a Cr-bearing alloy and 
its Cr-free equivalent. This subtraction is made under the assumption 
that Matthiessen's rule will be valid in this set of alloys. A dis­
cussion of this rule and Its application to dilute magnetic alloys can 
be found in Appendix A. For the discussion in the main text, i t  will 
be assumed that the Cu-Ni(Cr) alloys obey Mattheissen's rule in regard 
to the separation of the Cr contribution to the resistivity. 
Values of the impurity contribution to the resistivity at 1.3 K 
minus the values at T .  are given in Table 1. These values, rather 
mi n 
than the more traditional and closely related depth of the minimum, 
are used as a measure of the strength of the spin flip scattering. By 
comparing the data for the Cu-Cr(ll4 at. ppm Cr) sample between 1 and 
4 K with a Cu-Cr(113 at. ppm Cr) sample as measured by Daybell and 
Steyert (10), it was found that this study provides a smooth extension 
of their work into the region of higher Cr concentrations. The spurious 
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behavior of the 13 at. % Ni host alloy affects the impurity contribution 
to the resistivity of its corresponding Cr-bearing alloys by giving 
values below 4 K that are too large. However, this effect is not large 
enough to alter the qualitative behavior of this alloy system. 
Figures 8-11 show the influence of a magnetic field on the resis­
tivity at 4.2 K. This quantity will be referred to as the magnetore-
sistance, p(H)-p(0). The actual measured resistance ratios, 
R(H) - R(0) 
R(0) ' (17) 
were scaled by the residual values given in Table 1 to obtain the mag-
netoresistance. The longitudinal magnetoresistance of the Cr-free 
samples behaves in the "normal" fashion in that it increases with in­
creasing magnetic field. The magnetoresistance of a Cr-bearing alloy 
minus the magnetoresistance of its Cr-free equivalent, which is denoted 
by Ap(H), is negative for a M the Cr-bearing alloys. Values of Ap(H) at 
85 kOe per at. ppm of Cr are given in Table 1. 
Figure 7 shows that the impurity contribution to the resistivity 
for the lower Ni concentration alloys is not proportional to the Cr 
concentration. This behavior, and the deviation from linearity of the 
log(T) plots for the higher Cr concentration Cu-Cr alloys, will be dis­
cussed in terms of Cr-Cr interaction effects. The fact that the re­
sistivity of the CU-23NÎ (Cr) alloys is proportional to the Cr concen­
tration will be discussed in terms of the extra Coulomb scattering 
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afforded by the Ni impurities and its effect on the mean free path of 
the conduction electrons. Finally, the extreme departure from linearity 
and the reduction in size of the impurity contribution to the resis­
tivity for the higher Ni concentration alloys will be interpreted in 
terms of local Ni-Cr interaction effects. Since the theory of the mag-
netoresistance of dilute magnetic alloys and its separation into com­
ponent parts is not as well understood as the resistivity, the magneto-
resistance data will be used only as a check on the validity of the 
hypothesis put forward to explain the resistivity data. 
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CHAPTER IV. DISCUSSION 
Resist!vi ty 
The Kondo expression for the resistivity, given in Equation 13, 
can also be written as 
Ap(T) = cR^[«p,j]^S(S+l)[l+4jp,ln(T/T^)] • (18) 
In this expression c is the atomic concentration of magnetic impurities, 
R^ is the uni tarity limit of the resistivity which is a constant for a 
given host, pj is the density of states of the conduction electron 
states at the Fermi level for one direction of the spin, J is the 
strength of the s-d exchange interaction which is negative, S is the spin 
on the impurity and T^ is a characteristic temperature. This expression 
Is restricted to temperatures greater than a characteristic temperature 
that signals the breakdown of perturbation theory and the onset of a 
many-body singlet state. In deriving Equation 18, it Is tacitly assumed 
that the impurity concentrations are so dilute that the contribution to 
the resistivity of each impurity Is not influenced by the presence of 
the other Impurities. 
When this assumption is not satisfied, the problem becomes an ex­
tremely difficult one. One can get a qualitative idea of the behavior 
of such an alloy by examining the somewhat idealized problem of two 
interacting magnetic impurities In a conduction sea. In attacking this 
problem one assumes that the additional term to the Hamiltonian takes 
the form 
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Hy = -W(R)S,'S2 , (19) 
where is the spin on one impurity, 's the spin on the second 
impurity, which is separated from the first by a distance R, and W(R) 
is the coupling energy. Hearistical1y, we see that if we replace 
W(R)5*2 by an effective magnetic field, hî^, then the pair impurity prob­
lem can be thought of in terms of the magnetoresistance problem for 
one impurity. 
A quantitative understanding of the magnetoresistance problem has 
proven to be elusive. A qualitative understanding may, however, be 
obtained as follows: when there is no applied field, it is usually 
assumed that the impurity spin components, are degenerate. Thus, 
in the first Born approximation the conduction electrons suffer elastic 
spin flip scattering with the impurity spin. In the presence of a 
magnetic field the conduction band and the impurity levels are Zeeman 
split. The preferential aligning of the impurity spins causes the 
spin flip scattering process to become anisotropic and inelastic* That 
is to say, the magnetic field causes a preferential occupancy of the 
M = -S state, and hence, less conduction electron scattering will occur 
which involves the impurity decreasing its spin component than would 
occur in the absence of an applied field. For values of iigH large 
compared to k^T, where is the Bohr magneton and kg is Boltzmann's 
constant, it also becomes increasingly difficult for an electron within 
kgT of the Fermi level to find an unoccupied state a distance 
2/igH + kgT below the Fermi level. Hence, a magnetic field tends to 
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suppress the spin flip scattering that is responsible for the rise in 
the resistivity at temperatures below the minimum temperature. This 
argument is illustrated in Figure 12. 
Matho and Bëal-Monod (46) have investigated the pair Impurity re­
sistivity problem in some detail. In the limit of large values of pW 
and ferromagnetic coupling (W > 0)^ they find the spin contribution to 
the resistivity can be expressed in the tractable form 
Ap(pW) = cRjsp,j]^S^^^(pW)[l+4jp,ln(T/T^) 
+ 2jp^ln(l+T^W)^ , (20) 
wi th 
P=l/kjT; = (21) 
where is the Fermi temperature. It is interesting to note that in 
this limit we can think of the resistivity as being the sum of two terms. 
The first term is the simple Kondo expression with a modified magnetic 
moment^ which tends to saturate for large values of and the second 
term Is appreciable only for temperatures less than Ty-
In Figure 7 we see the resistivity curves of the Cu-Cr alloys 
exhibit behavior in qualitative agreement with this Interaction inter­
pretation. Daybell and Steyert (10) have observed these interaction 
effects for Cr concentrations as low as 50 at. ppm. By proceeding 
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clockwise around Figure 7, we see how the addition of Ni affects the 
Impurity contribution to the resistivity. The most striking result is 
for the 23 at. % NI samples where the resistivity is proportional to 
the Cr concentration. This is probably due to the extra Coulomb scat­
tering afforded by the Ni impurities. The Cr-Cr Interaction, which Is 
responsible for the departure from proportionality, must be very long 
range. The scattering from the intervening Ni sites will decrease the 
mean free path of the conduction electrons and thereby decrease the 
range of the R.K. K.Y. Interaction. Therefore, in the samples with low 
Cr and high Ni concentrations, the scattering processes of interest 
can be characterized by a Cr ion and its local Ni environment. In ad­
dition, the log(T) plots of the 23 at. % Ni samples show a large devia­
tion from linearity. In an attempt to glean some information from the 
data about this effect, the resistivity of the lower Cr concentrations 
for the various NI concentrations was plotted. This plot is shown in 
Figure I3. Although the Cr-Cr Interactions are not negligible for the 
lower Ni concentrations shown in this figure, it Is felt that the pre­
dominant influence on the resistivity will be due to the local Ni en­
vironment around a Cr cell. 
Trying to deduce from macroscopic measurements, such as the re­
sistivity, how the alloying of Ni will affect the basic spin flip 
scattering is not an easy task. However, there are known facts about 
similar systems which, coupled with some speculation, may open up some 
useful avenues for thought about this system. Seib and Splcer (39) 
have found that the virtual bound state model seems to be the 
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appropriate one in describing Cu-Ni alloys. They estimate that the Ni 
d-state has a resonance at about 0.95 eV below the Fermi level with a 
level width of at least 0.8 eV. The work of Harvey et al. (15,45) on 
Cu-Ni(Mn) alloys, at temperatures and Mn concentrations where Mn-Mn 
interactions were negligible, showed that the Ni had l ittle effect on 
the resistivity. This is apparently related to the fact that the Mn 
d-states are strongly spin split and far away in energy from the Ni 
d-state resonances. Thus, the Ni has a small effect on the local moment 
formation at a Mn site and, together with the small value of J for Cu-Mn, 
puts any alloying effects below the resolution of the resistivity 
measurements made. 
The Ni in Cu-Ni(Pe) alloys has a pronounced effect, as referenced 
in the Introduction. The d-states in Fe are not as strongly spin split 
as they are in Mn, and the Ni d-state and Fe d-state resonances may 
overlap in pnsrgy. The result is an enhanced magnetic moment in the 
region of the Fe impurity. The size of this moment has been estimated 
(14) to be 
U = (2.85 + 0.6n)U_ , (22) D 
where n ?s the average number of N: nearest neighbors expactsd at an 
Fe site on a statistical basis. The resistivity of these alloys is 
plotted in Figure 13- We notice that for temperatures above 4 K the 
curves have a log(T) dependence with a slope that is a function of the 
Ni concentration. This leads one to speculate that the total moment 
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undergoes elastic spin flip scattering with values of J and S that 
depend on the number of Ni nearest neighbors at the Fe site. 
In some ways, the properties of the Cu-Ni(Cr) alloys seem to lie 
halfway between those of the Cu-Ni(Fe) and Cu-Ni(Mn) systems. The local 
Ni environment has a pronounced effect, but at temperatures above 20 K 
the slopes of the curves seem to asymptotically approach a constant 
value which is independent of the Ni concentration. (Reservations are 
put on this statement in regard to the 23 at. % Ni alloys.) In addi­
tion, the temperature at which the mlnimum occurs is relatively in­
sensitive to the Ni concentration. This leads to the conclusion that 
in Cu-Ni(Cr) alloys the appropriate picture is one where the low tem­
perature resistivity is suppressed, but above a certain temperature the 
resistivity is essentially independent of the Ni. 
Comparison of these properties to those of Equation 20 suggests 
one might try to fit the data by the expression 
Ap = -c(A-B)log(T) - cB log(T^ + 0^)^+ , (23) 
where B is concentration dependent and is related to the residual 
resistivity. The value of A was determined by the slope of the 
Cu-Cr(ll4) sample. The results of this hand-fit are represented in 
Figure 13 by the solid curves, and the corresponding values of A, B, 
and 9 are given In Table 2. The fact that a good fit to the data was 
obtained with this functional form is interesting, but It appears that 
any significance in the values of A, B, and 0 Is masked by the Cr-Cr 
Table 2. The values of A, B, and 0 defined in expression (23) and the actual value 
of Ap/ppm 
Sample A B 0 K) ppm 
(nfVcm) (nO-cm) (K) (nO-cm) 
Cu-Cr(1l4) .3452 0 1.4 
Cu-5.5Nî-Cr(133) -3452 .1806 4.51 1.1 
Cu-12,6Ni-Cr(l60) -3452 .2450 11.51 0-9 
Cu-22.9Ni-Cr(327) -3452 .3156 34-75 4.0 
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s 
interaction effects in the data. 
it is tempting to interpret our data in terms of magnetic clusters 
similar to those seen in Cu-Ni(Fe) alloys. However, this seems to be 
too stringent a postulate in the case of Cu-Ni(Cr). In the case of 
Cu-Ni(Fe), the moment of the cluster seems to flip as a rigid paramag­
netic unit. This implies elastic scattering which cannot account for 
the suppression effect seen in the Cu-Ni(Cr) alloys. Gainon and 
Heeger (47) have studied Cu-Mn alloys doped with dilute amounts of Pt. 
They observe a suppression of the resistivity at low temperatures which 
closely resembles the suppression in Cu-Ni(Cr). They attribute this 
suppression to spin-orbit interactions. This mechanism should only be 
appreciable for large Z impurities, such as Pt, and should be negligible 
for the case of Ni in Cu. 
Riess and Ron (48) have studied the suppression of the resistivity 
due to inelastic scattering of the conduction electrons. They treat 
effects, such as the R.K.K.Y. interaction between two impurities, in 
terms of a broadening of the width of the virtual bound state. Al­
though their study is primarily concerned with the suppression of the 
resistivity below the maximum that often occurs in dilute magnetic al­
loys, they do show that this broadening introduces inelastic scattering 
processes. This might be a fruitful approach in understanding Cu-N:(Or) 
alloys. In this work, it seems to be convenient and sufficient to 
treat the interaction between the Ni d-states and the Cr d-state by a 
local internal magnetic field, H^, produced by the Ni, at the Cr site. 
If we picture the magnetic moment as residing in the Cr cell under the 
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influence of this local field, whose strength depends on the number of 
Ni nearest neighbors, then we have a mechanism for inelastic scattering 
which is independent of the Cr concentration. This picture is further 
motivated by the similarity of Figure 13 with the magnetoresistance 
curves of Daybell and Steyert (10) for a 28 at. ppm Cr in a Cu sample. 
By constraining the data at 4.2 K, some important Information has 
been suppressed. Table 2 shows the actual values of Ap/ppm at 1.2 K. 
Up through 13 at. % Ni the values are not surprising, but the 23 at. % 
Ni sample shows a marked anomaly. This could signify that at these Ni 
concentrations we are no longer dealing with the influence of just a 
few Ni ions around a Cr site. 
Magnetoresi stance 
Figures 8-11 show the longitudinal magnetoresistance at 4.2 K 
for the various Ni concentrations. The extra complications due to the 
Cr-Cr interactions, along with the inherent difficulty of separating 
the "rioriiial" positive contribution to the magnetoresi stance from the 
negative contribution, legislate to make a detailed analysis of the 
data marginal. A fairly complete summary of the influence of a magnetic 
field on the resistivity can be found in the paper by Harvey et al. (15) 
and the references cited therein. 
If the interpretation in the previous section of the effect of 
the local Ni environment on the spin flip scattering is correct, then 
the magnetoresistance should be a function of two magnetic fields. 
Bëal-Monod and Weiner (27) indicate that if the population of the 
Zeeman levels is governed by the Boltzmann factor, then the spin flip 
45 
scattering contribution to the magnetoresistance should be "frozen out" 
by fields which satisfy the relation 
g H/kgT > k . (24) 
Setting g = 2 and T = 4.2 K, Expression 24 Implies that saturation 
should tend to occur for H >125 kOe. For this discussion we will be 
interested in the value of Ap(85)/ppm which appears in Table 1. 
The fact that this quantity is negative Is support for the view 
that we are still dealing with a magnetic alloy. For the higher Ni 
concentrations it appears that Ap(85)/ppm may be proportional to the 
Cr concentration. This trait can be given the same Interpretation 
that was given for the resistivity. If we look at the same set of 
samples that were analyzed in Figure 13, we see that Ap(85)/ppm first 
"increases" for the addition of 6 at. % NI and then steadily "decreases" 
as the Ni concentration If further increased. This behavior is con­
sistent with thé picture of an Internal magnetic field. 
For 114 at. ppm Cr in Cu one has an effective internal field due 
to the Cr-Cr interactions. This field has already frozen out much of 
the spin flip scattering. The effect of the external field will, there­
fore, be less In the presence of this internal field. As we increase 
the Cr concentration in the NI-free alloys, we see that Ap(85)/ppni tends 
to decrease further In agreement with this Interpretation. As was men­
tioned earlier, the alloying of Ni tends to do two things; it intro­
duces extra scattering that decreases the strength of the Cr-Cr inter­
actions, and It also produces an internal field at the Cr site. In 
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the 6 at. % Ni alloys there is a 50% chance that a Cr ion will not have 
any Ni ions as nearest neighbors. It therefore seems plausible to 
assume that the former effect will be the predominant one in the 6 at. % 
alloys. This will decrease the strength of the internal field with 
respect to the Ni-free alloys and a larger airxjunt of the freezing will 
now have to be done by the external field, and this will cause Ap(85)/ppm 
to increase. If upon the alloying of more Ni the second effect becomes 
predominant, then should increase with a corresponding lowering of 
the values of 6p(85)/ppm. Thus, one concludes that the magnetoresis-
tance data is consistent with the interpretation given to the resis­
tivity data. 
One is tempted to argue on the basis of Expression (24) that the 
samples with a large value for should tend to saturate faster than 
those with small Cu-Cr(ll4) does show strong saturation effects, 
Cu-23Ni-Cr(327) looks like it is saturating, and the other two samples 
are definitely not saturating at 85 kOe. One must not take these re­
sults too seriously. From the experimental standpoint, the prediction 
of saturation is very seldom realized in dilute magnetic alloys. Some 
authors attribute this to the inadequacy of perturbation theory, and 
others (49,50) feel that the s-d model may simply be inadequate in the 
Dresence of a maanetîc field-
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APPENDIX A. MATTHIESSEN'S RULE 
Matthlessen's rule (51), when applied to a dilute magnetic alloy, 
states that the resistivity, p(T), can be decomposed into 
where p(ORD) is the ordinary temperature independent resistivity due 
to impurities, etc., p(RES) Is the resistivity due to the resonant 
scattering from the magnetic Impurities and p(PH) Is the resistivity 
due to the electron phonon Interaction. Equation 25 Implies that the 
sum of the solutions to the Boltzmann equation, with each type of 
scattering treated separately, is the same as the solution of the Boltz­
mann equation with all types of scattering treated In toto. Ziman (52) 
gives a discussion on the properties that a solution of the Boltzmann 
equation must have in order to realize Matthiessen's rule. From a vari­
ational argument, he shows that the "true" solution to the Boltzmann 
equations will yield a resist!vity> p, such that: 
where pj and are the resistivities obtained by employing Mattheissen's 
rule for a system with two mechanisms for scattering electrons. 
Dugdale and BaslnskI (53) have examined the case where the two 
types of scattering are from phonons and nonmagnetic impurities. They 
show that at low temperatures, where the phonon scattering is small, 
the deviation from Matthiessen's rule Is small. As the temperature 
p(T) = p(ORD) + p(RES) + p(PH) , (25) 
p ^ P] + p2 J (26) 
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is increased, the deviation passes through a maximum and then levels 
off at higher temperatures. 
This type of deviation is nicely i l lustrated by the behavior of 
the Cu-Ni host alloys shown In Figure 5- On the basis of Matthiessen's 
rule, i t  might be guessed that the resistivity of the Cu-6Ni alloys 
could be represented by the sum of a temperature independent term, 
suitable for the ordinary scattering from the Ni impurities, and a 
phonon term, suitable for the phonon scattering in pure Cu. Below 25 K 
this "cooked-up" resistivity does describe the Cu-6Ni alloys, but above 
25 K serious deviations occur between the actual thermal scattering and 
that given by this ansatz. This example Is a l i tt le extreme In that 
deviations are due to both the "coupling" of the two mechanisms in 
solving the Boltzmann equation, and the fact that with this much Ni 
the phonon spectrum is drastically altered. I t  is Interesting to note 
that I f  the same argument were employed to predict the resistivity of 
the CU-13NI alloys starting from the Cu-6Ni alloys, then the resulting 
deviation would have been less drastic. 
Smith and Wilklns (54) have examined the deviations due to the 
"coupling" of the ordinary scattering and the resonant scattering of 
a magnetic impurity. By treating the magnetic impurity as a resonant 
scatterer at the Fermi energy, they show that serious deviations can 
occur. Again, the deviation Is small at low temperatures, but the 
deviation becomes sizeable at temperatures comparable to the width of 
the virtual bound state. They estimate that in Cu-Cr the maximum 
deviation occurs at 0.5 K. This raises some serious doubts about the 
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validity of the separation employed in the Cu-Ni(Cr) system. 
The actual separation performed was 
p(Cr) = p(T) - p(HOST) , (2?) 
where p(T) is the measured resistivity of the Cr-bearing alloy, p(HOST) 
is the measured resistivity of the Cr-free host alloy, and p(Cr) is 
defined by Equation 11. Although p(Cr), the impurity contribution to 
the resistivity, is well defined by Equation 27, it is not clear 
whether p(Cr) is the same quantity that the theorist talks about when 
he solves the Boltzmann equation for the magnetic contribution to the 
resistivity and ignores the ordinary scattering from the Ni and the 
thermal scattering of the host. It is the "coupling" of the resonant 
scattering of the Cr with the thermal scattering and ordinary scat­
tering present in p(T) that would destroy this identification. 
It seems plausible to assume that the addition of 6 at. % of Ni 
will sufficiently alter the phonon spectrum so that a few additional 
at. ppm of Cr will have an insignificant effect. This claim is sup­
ported by the behavior of the Cu-Ni host alloys discussed earlier. 
Loram, Whall, and Ford (55) have studied the deviations from Matthiessen's 
rule in Cu-Au(Fe) alloys. They found significant deviations in the 
binary alloys, Cu-Fe and Au-Fe, evidenced by minima and maxima above 
10 K in the subtracted resistivity. However, when the host is an alloy, 
in this case Cu-Au, they found that the deviations were suppressed. 
Thus, in the alloys with binary hosts the deviations that occur below 
30 K due to the "coupling" of the resonance scattering and thermal 
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scattering can probably be ignored. This conclusion is supported by 
the behavior of the subtracted resistivity of the Cu-6Ni(cr) alloys 
above 20 K, shown in Figure 1, as compared to the Cu-Cr alloys. 
The deviations discussed by Smith and Wilkins are not as easily 
argued away. One must keep in mind that the energy dependent relaxa­
tion time they employed is heuristic in nature and does not adequately 
describe a dilute magnetic alloy. They have also compounded the problem 
by putting the virtual bound state right at the Fermi level, where the 
conditions necessary for the existence of a magnetic moment are hardest 
to satisfy, and where the Schrieffer and Wolff (25) transformation 
does not apply. When the virtual bound state is removed from the Fermi 
level, the deviations are less significant. This is born out by real­
izing that the scattering from the Ni is actually of the "resonance" 
variety. Yet, one can adequately describe the resistivity of the 13 
and 23 at. % Ni alloys below 30 K by an equation of the form 
p(x) = p(6) + xA , (28) 
where x is the Ni concentration, A is a constant, and p(6) is the 
resistivity of the 6 at. % Ni alloy. 
The virtual bound states of Fe and Ni both lie approximately the 
same distance below the Fermi level. The impurity contribution to the 
resistivity of the Cu-Ni(Fe) alloys has a log(T) dependence above 4 K 
in agreement with the simple Kondo expression. Although this is cir­
cular reasoning, one wonders at this coincidence in the light of a 
16 K Kondo temperature for the Cu-Fe system and the fact that the 
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deviations predicted by Smith and Wilkins alter the temperature de­
pendence of the subtracted resistivity around the Kondo temperature. 
In conclusion, Matthiessen's rule is probably not valid in the 
binary Cu-Cr alloys. The deviations are overwhelmingly above 20 K, 
and below 20 K an estimation of the magnitude of the deviations is 
directly proportional to one's faith in the treatment of the resonance 
scattering employed by Smith and Wilkins. In the Cu-Nl(Cr) alloys the 
deviations may not be negligible but should be small enough to allow 
some sort of comparison between experiment and theory. 
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APPENDIX B. IMPURITY ANALYSIS OF STARTING MATERIALS 
The Impurity analysis of the Cu and Ni obtained from the American 
Smelting and Refining Company and Atomergic Chemetals Company, respec­
tively, is given in Table 3- The concentrations are in wt. ppm. 
Table 3- Impurities in Cu-Ni host starting materials 
Cu Ni 
Element Concentration Element Concentration 
Fe <0.7 Fe 3.0 
Sb < 1.0 Si <5.0 
Pb < 1.0 Mg < 1.0 
Sn < 1.0 Al < 1.0 
Ni < 1.0 Co 0.1 
Bi < 0.1 S < 0.1 
Ag < 0.3 C < 0.1 
As < 2.0 Ca 0.5 
Cr <0.5 Cd 0.5 
Si < 0.1 Cr 0.5 
Te < 2.0 Cu 0.5 
Se < 1.0 Pb 0.5 
S < 1.0 
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APPENDIX C. LIST OF EQUIPMENT 
The basic equipment used in the electronic circuits is listed in 
Table k. The numbers in parentheses are Ames Laboratory equipment 
numbers. 
Table 4. List of equipment 
Description Company 
Potentiometers for sample emf 
Nanovolt amplifier 
Guildline 9180-B (13 003) 
Honeywell 2768 (11376) 
Guildline 9460A (17648) 
Secondary galvanometer Guildline 9461B (3 7649) 
Potentiometers for sample cur­
rent and temperature 
L. £. N. 7555 Type K-5 
(16480, 14229) 
Null detectors L. & N. 9834 (13624, 14177) 
Decade resistor for temperature 
control bridge 
L. & N. 4756 (8276) 
Power supply for temperature 
control bridge 
Kepco CK18-3M (14350) 
Proportional temperature con­
trollers 
f!6?76. 16598) 
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APPENDIX D. TABULATION OF RESISTIVITY DATA 
In Table 5 the resistivity, p, is given in juO-cm, the impurity con­
tribution to the resistivity, Ap, is given in nQ-cm and the temperature, 
T, is given in K. 
Table 5- Resistivity data 
T P Ap T P Ap 
Cu 
2.0 0.0104 1.81 0.1641 1.31 
3.0 0.0105 1.95 0.1628 1.20 
4.0 0.0105 2.11 0.1616 1.08 
5.0 0.0105 2.35 0.1599 0.94 
6.0 0.0106 2.56 0.1583 0.80 
7.0 0.0106 2.78 0.1567 0.66 
8.0 0.0107 2.99 0.1558 0.57 
9.0 0.0108 3.20 0.1545 0.46 
10.0 0.0108 3.47 0.1531 0.34 
12.0 0.0110 3.67 0.1517 0.22 
15.0 0.0113 4.00 0.1503 0.09 
17.0 0.0117 4.28 0.1493 0. 00 
20.0 0.0125 4.83 0.1474 -0.17 
24.0 0.0144 5.53 0.1452 -0.37 
28.0 0. 017! 6.82 0.142: -0.64 
32.0 0. 0208 8.16 0.1390 -0.92 
36.0 0.0258 10.00 0.1350 -1.24 
40.0 0.0328 12.00 0.1322 -1.53 
46.4 0.0488 14.00 0.1299 -1.76 
54.7 0.0785 16.00 0.1281 -1.95 
63.0 0.1144 18.00 0.1271 -2.08 
70.1 0.1517 20.00 0.1264 -2.19 
79.6 0.2058 23.00 0.1260 -2.33 
90.1 0.2745 26:00 0.1263 =2.44 
99.4 0.3378 28.11 0.1273 -2.47 
33.17 0.1326 -2.47 
Cu-Cr(1l4) 37-04 0.1390 -2.40 
42.72 0.1519 -2.29 
1.20 0.1700 1.83 49.05 0.1714 -2.19 
1.36 0.1679 1.64 58.05 0.2064 -2.18 
1.51 0.1667 1.54 68.56 0.2579 -2. 14 
1.63 0.1654 1.43 76.20 0.2996 -2.17 
Table  S -  (Cont inued)  
T p AP T p AP 
Cu-Cr(286) 
1.20 0.3538 1.21 2.78 0.5 080 0.23 
1.36 0.3515 1.13 2.92 0.5058 0.19 
1.51 0.3496 1.06 3.20 0.5037 0.16 
1.63 0.3482 1.02 3.46 0.5012 0.12 
1.81 0.3460 0.94 3.66 0.4992 0.09 
1.95 0.3442 0.87 3.98 0.4961 0.04 
2.11 0. 419 0.79 4.29 0.4935 0.00 
2.35 0.3390 0.69 6.87 0.4740 -0.30 
2.56 0.3358 0.58 8. 72 0.4627 -0.48 
2.78 0.3325 0.46 13.16 0.4431 -0.79 
2.99 0.3302 0.38 17.69 0.4291 -1.02 
3.20 0.3282 0.31 24.72 0.4177 -1.24 
3.46 0.3261 0.24 30.08 0.4160 -1.33 
3.67 0.3244 0.18 33.00 0.4180 -1.34 
4.01 0.3217 0.08 37.00 0.4232 -1.35 
4.28 0.3193 0.00 43.00 0.4354 -1.36 
5.00 0.3135 -0.21 49.10 0.4557 -1.32 
6.00 0.3078 -0.41 58.11 0.4933 -1.27 
6.84 O.3018 -0.62 68.60 0.5463 -1.24 
8.73 0.2936 -0.91 76.02 0.5876 -1.24 
12.99 0.2800 -1.40 
17.67 0.2708 -1.75 Cu-Cr (1236) 
24.77 0.2643 -2.07 
30.31 0.2651 -2.19 1.20 0.8037 0.12 
35.00 0.2709 =2.18 108 0.8033 0. !2 
42.72 0.2868 -2.14 1.52 0.8039 0.12 
49.08 0.3069 -2.08 1.64 0.8038 0.12 
58.09 0.3439 -2.01 1.81 0.8033 0. 12 
68.69 0.3957 -2.00 1.95 0.8031 0. 12 
76.20 0.4373 -2.00 2.11 0.8024 0.11 
2.35 0.8013 0.10 
Cu-Cr(645) 2.56 0.8003 0.09 
2.78 0.7990 0.08 
1.20 0.5237 0.47 2.98 0.7977 0- 07 
1.37 0.5223 0.45 3.20 0.7963 0.06 
1.52 0.5212 0.43 3.46 0.7947 0.05 
1.63 0.5200 0.41 3.66 0.7933 0.04 
1.81 0.5184 0.39 3.98 0.7911 0.02 
1.96 0.5169 0.37 4.27 0.7887 0.00 
2.11 0.5151 0.34 4.83 0.7842 -0.04 
2.35 0.5127 0.30 5.52 0.7783 -0. 08 
2.56 0.5105 0.26 6.81 0. 7687 -0.16 
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Table  5-  (Cont inued)  
t P Ap t P Ap 
Cu-ÔNi-Cr (138) 
8.14 0.7590 -0.24 1.21 6.12653 1.17 
8.72 0. 7552 -0.27 1.41 6.12567 1.10 
13.17 0.7289 -0.49 1.70 6.12376 0.94 
17.68 0.7090 -0.66 2.01 6.12195 0.80 
24.76 0.6904 -0.83 2.28 6.12074 0. 70 
30.22 0.6852 -0.90 2.53 6.11940 0.60 
33.13 0.6859 -0.93 2.80 6.11785 0.48 
37.00 0.6898 -0.94 3.11 6.11660 0.38 
42.00 0.6985 -0.95 3.39 6.11542 0.29 
49.10 0.7184 -0.95 3.63 6.11441 0.21 
58.10 0. 7554 -0.92 3.95 6.11282 0.09 
68.60 0.8076 -0.92 4.24 6.11155 0.00 
76.12 0.8488 -0.93 5.25 6.10876 -0.21 
6.66 6.10462 -0.51 
Cu-6nî 7. 76 6.10207 -0.69 
11.24 6.09561 -1.15 
1.83 5.98026 15.24 6.09018 -1.59 
2.13 5.97999 17.57 6.08814 -1.98 
2.72 5.97997 19.34 6.08699 -1.82 
3.34 5-97984 23.48 6.08671 -2.29 
3.85 5.97980 27.05 6.08898 -2.50 
4.23 5.97980 31.91 6.09620 -2.70 
5.25 5.98017 39.06 6.11632 -2.90 
6.50 5.98020 47.33 6.15094 -3.20 
7.76 5,98040 54.59 6.13543 =3 • ' 7 
11.16 5.98071 63.04 6.24649 -3.60 
15.22 5.98151 70.00 6.29518 -3.58 
19.36 5.98326 79.49 6.36403 -3.51 
23.45 5.98674 
27.05 5.99166 Cu-6Ni-Cr (301 ) 
31.92 6.00244 
39.10 6.02621 1.20 6.25261 0.92 
47.38 6.06457 1.35 6.25142 0.88 
54.62 6.10788 K5Q 6.25014 0.83 
63.00 6.16381 1.63 6.24903 0. 79 
70. 06 6.21496 1.78 6.24784 0.75 
79.55 6.28636 1.90 6.24669 0.71 
90.06 6.37416 2.06 6.24518 0.66 
99.46 6.44993 2.25 6:24343 0.60 
2.48 6.24144 0.53 
2.69 6.23941 0.46 
2.90 6.23749 0.39 
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Table  5-  (Cont inued)  
Ap Ap 
3.08 6.23599 0.34 15.77 6.33050 -1.16 
3.40 6.23304 0.24 17.86 6.32296 -1.29 
3.68 6.23049 0.15 18.87 6.32085 -1.33 
3.99 6.22789 0.06 20.48 6.31552 -1.44 
4.22 6.22598 0.00 24.12 6.30772 -1.62 
5.25 6.21845 -0.26 26.99 6.30347 -1.75 
6.66 6.20941 -0.55 30.79 6.30327 -I.87 
7.76 6.20355 -0.74 34.82 6.30533 -2.00 
11.24 6.18951 -1.21 39.91 6.31667 -2.11 
15.26 6.17619 -1.68 42.99 6.32713 -2.15 
17.60 6.1708O -1.89 43.80 6.33131 -2.15 
19.34 6.16786 -2.02 46.27 6.33800 -2.24 
23.50 6.16257 -2.33 51.86 6.36014 -2.40 
27.05 6.16183 -2.53 58.16 6.38786 -2.60 
31.91 6.16572 -2.73 64.34 6.41768 -2.80 
39.05 6.18115 -2.98 72.42 6.46098 -3.00 
47.25 6.21178 -3.25 73.92 6.46919 -3.03 
54.55 6.2Tf823 -3.50 79.54 6.50589 -3.10 
63.17 6.29935 -3.74 89.78 6.58165 -3.27 
69.97 6.34550 -3.77 98.94 6.64227 -3.58 
79.40 6.41209 -3.79 
89.99 6.49478 -4.04 Cu-6Ni-Cr(1185) 
99.57 6.56627 -4.41 
1.31 7.00069 0.37 
Cu=6«î =Cr(645) 1.66 6.99551 Û.32 
2.05 6.98977 0.27 
1.29 6.44421 0.63 2.42 6.98375 0.22 
1.65 6.43898 0.55 2.79 6.97750 0.16 
2.04 6.43334 0.46 3.19 6.97046 0.10 
2.43 6.42858 0.38 3.56 6.96399 0.05 
2.80 6.42317 0.30 3.92 6.95847 0. 00 
3.19 6.41765 0.21 4.19 6.95470 0. 00 
3.57 6.41231 0.12 5.09 6.94049 -0.15 
3.57 6.4077! 0.05 6. /4 6.91892 -0.33 
4.20 6.40440 0.00 8.42 6.89990 -0.49 
5.08 6.39497 -0.15 10.01 6.88425 -0.63 
6.69 6.38056 -0.37 10.87 6.87004 -0. 75 
8.33 6.368I8 -0.56 12.04 6.86625 -0.80 
9.90 6.35800 -0.72 13.65 6.85609 -0.87 
10.86 6.35142 -0.82 15.89 6.83460 -1.05 
12.00 6.34696 -0.89 17.94 6.82552 -I.I4 
13.69 6.33970 -1.01 18.78 6.82046 -1.19 
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Ap Ap 
20.55 6.81198 -1.27 57.96 14.0237 
24.22 6.79274 -1.46 66.23 14.0857 
26.82 6.78617 -I.55 74.98 14.1558 
30.61 6. 77879 -1.68 85.41 14.2444 
34.72 6.77551 -1.80 98.57 14.3650 
39.96 6.78026 -1.91 
43.01 6.78664 -1.97 Cu-13N!-Cr (160) 
46.08 6.79146 -2.06 
51.91 6.81009 -2.19 1.20 14.0022 0.59 
58.20 6.83244 -2.34 1.35 14.0021 0.56 
64.35 6.85772 -2.48 1.51 14.0018 0.53 
72.46 6.83560 -2.64 1.64 14.0015 0.50 
73.91 6.89914 -2.70 1.78 14.0012 0.47 
79.58 6.93112 -2.78 1.90 14.0010 0.45 
89.78 6.99090 -3.00 2.06 14.0007 0.41 
97.98 7.04776 -3.15 2.25 
2.48 
14.0003 
13.9938 
0.37 
0.31 
Cu-13Ni 2.68 
2.90 
13.3335 
13.3334 
0.29 
0.27 
1.80 13.8605 3.08 13.3331 0.23 
1.90 13.8604 3.39 13.3382 0.16 
2.47 13.8607 3.68 13.3378 0.11 
3.01 13.8609 3.98 13.3370 0.05 
3.51 13.8614 4.22 13.9965 0- 00 
3-33 Î3•SOID 4.90 13.9953 -0.08 
4.32 13.8625 5.11 13.9951 -0.13 
5.09 13.8634 5.97 13.9939 -0.21 
5.34 13.8639 7.40 13.9914 -0.41 
7.40 13.8641 9.95 13.3875 -0.68 
9.95 13.8643 12.57 13.3843 -0.88 
12.57 13.8645 15.98 13.3803 -1.11 
15.97 13.8650 19.12 13.9788 -1.31 
19.11 13.8664 20.65 13.9780 -1.43 
20.60 13.8663 24.26 13.9704 -1.63 
24.28 13.8702 27.87 13.9818 -1.80 
27.85 13-8764 37.31 14.0037 -2.21 
31.99 13.8863 42.51 14.0242 -2.40 
38.00 13.9086 46.60 14.0444 -2.51 
42.50 13.9285 50.90 14.0701 -2.53 
45.26 13.9437 57.98 14.1134 -2.79 
46.57 13.9512 66.24 14.1729 -2.88 
50.90 13.9763 74.99 14.2405 
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Ap Ap 
2.79 14.0015 0.14 5-04 23-9471 
3.17 13.9973 0.10 6.89 23.9465 
3.56 13.9931 0.06 9.13 23.9465 
3.90 13.9892 0.03 9-92 23.9462 
4.19 13.9863 0.00 11.12 23.9457 
5.08 13-9771 -0.08 13.76 23.9466 
6.72 13-9622 -0.21 17.19 23.9462 
8.47 13-9478 -0.34 21.23 23.9481 
10.05 13-9362 -0.43 24.50 23.9500 
10.91 13-9305 -0.48 27-99 23.9539 
12.11 13-9227 -0.55 31.63 23-9639 
13.59 13-9159 -0.60 35.65 23.9766 
16.06 13-9008 -0.73 39.23 23.9920 
18.08 13-8915 -0.81 42.60 24.0071 
20.68 13-8805 -0.92 44.33 24.0232 
24.41 13-8680 -1.05 50.23 24.0584 
26.61 15-8640 -1.11 54.95 24.0888 
30.44 13.8579 -1.23 59-68 24.1206 
34.74 13.8552 -1.36 65-19 24.1701 
40.02 13.8604 -1.50 71.91 24.2239 
43.09 13.8673 -1.56 79.82 24.3007 
46.09 13.8782 -1.60 89.88 24.3962 
51.92 13.8972 -1.74 100.55 24.5002 
58.17 13.9208 -1.90 
64.37 "3* 9472 -2. 05 Cu-23Ni-Cr(l40) 
72.47 13.9877 -2.22 
73.86 13.9986 -2.25 1.20 25.3822 0.21 
79.53 14.0319 -2.36 1.36 25.3823 0.21 
89=80 14.0945 -2.61 1-52 25.3322 0.20 
97.99 14.1547 -2.72 1.64 25.3822 0.19 
1.78 25-3821 0.18 
Cu-23Ni 1-91 25-3820 0.17 
2.06 25-3822 0.18 
1.17 23.9465 2.25 25-3819 0.16 
1.68 23.9470 2.48 25.3819 0.15 
2.00 23.9469 2.68 25-3820 0.15 
2.43 23-9470 2.89 25-3817 0.13 
2.81 23-9471 3-08 25-3812 0.09 
3.22 23.9471 3-38 25-3807 0.05 
3.59 23.9473 3-67 25-3804 0.03 
3.91 23.9475 3.96 25.3802 0.01 
4.20 23.9475 4.18 25.3798 0.00 
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T p Ap T p Ap 
5.47 25.3793 -0.03 11.10 25.2590 -0.24 
5.99 25.3789 13.77 25.2562 -0.31 
6.97 25.3784 17. 14 25.2535 -0.38 
7.04 25.3782 -0.10 21.17 25.2518 -0.48 
8.03 25.3777 24.41 25.2518 -0.57 
8.45 25.3773 -0.14 27.88 25.2532 -0. 70 
10.15 25.3762 -0.19 31.80 25.2620 -0.72 
12.48 25.3750 -0.23 35.94 25.2727 -0.82 
15.18 25.3736 -0.29 39.24 25.2853 -0.87 
18.16 25.3730 -0.35 42.45 25.2992 -0.92 
20.70 25.3731 -0.40 44.31 25.3085 -0.95 
21.84 25.3735 -0.43 50.23 25.3413 -1.07 
24.88 25.3758 -0.49 54.95 25.3699 -1.21 
27.48 25.3785 -0.60 59.69 25.4004 -1.37 
29.74 25.3826 -0.66 65.21 25.4489 -1.24 
32.96 25.3896 -0.80 71.91 25.5017 -1.37 
36.24 25.3991 -0.95 79.81 25.5767 -1.29 
39.23 25.4115 -0.98 89.87 25.6711 
42.35 25.4256 -1.07 100.54 25.7748 
45.30 25.4414 -1.11 
47.65 25.4549 -1.17 Cu-23Ni-Cr(6l8) 
54.79 25.5019 -1.28 
60.55 25.5572 1.18 25.3563 0. 11 
64.91 25. 5833 -1.10 1.68 25.3556 0.10 
71.05 25.6371 2.01 25.3549 0.09 
78.27 25.7049 2.41 25.3542 0.07 
2.80 25.3530 0.05 
Cu-23Ni-Crf327) 3.21 25.3521 0.04 
3.58 25.3512 0.02 
1.18 25.2700 0.08 3.90 25.3511 0. 02 
1.68 25.2699 0.07 4.22 25.3501 0. 00 
2.01 25.2697 0.06 5.05 25.3474 -0.04 
2.42 25.2692 0.04 6.87 25.3428 -0.12 
2.80 25.2690 0.04 9.25 25.3362 -0.22 
3.22 25.2687 0.02 10.03 25.3337 -0.25 
3.58 25.2687 0.02 11.09 25.3331 -0.26 
3.90 25.2687 0. 02 13.79 25.3272 -0.34 
4.21 25.2681 0. 00 17.13 25.3214 -0.43 
5.05 25.2666 -0.05 21.15 25.3169 -0.53 
6.85 25.2638 -0. 13 24.39 25.3149 -0.61 
9.21 25.2609 -0.20 27.86 25.3152 -0.69 
10.00 25.2595 -0.24 31.91 25.3203 -0. 77 
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36.04 25.3294 -0.85 49.57 26.4366 -1.01 
39.23 25.3397 -0.90 54.80 26.4634 -1.09 
42.39 25.3525 -0.95 60.56 26.5036 -1.12 
44.31 25.3605 -0.99 64.92 26 . 53 58 -1.14 
50.23 25.3912 -1.07 71.06 26.5831 -1.18 
54.95 25.4189 -1.17 78.28 26.6445 -1.21 
59.69 25.4488 -1.27 85.30 26.7061 
65.21 25.4948 -1.24 92.11 26.7679 
71.91 25.5460 -1.35 
79.81 25.6192 -1.32 
89.86 25.7126 
100.54 25.8137 
Cu-23Ni-Cr(1209) 
1.28 26.4662 0.10 
1.60 26.4655 0.09 
1.97 26.4646 0. 08 
2.41 26.4626 0.07 
2.80 26.4608 0. 05 
3.18 26.4592 0.04 
3.56 26.4573 0.02 
3.89 26.4562 0.01 
4.17 26.4551 0.00 
5-49 26.4481 =0. 02 
7.06 26.4408 -0.06 
8.49 26.434!» -0.12 
10.20 26.4273 -0.22 
12.50 26.4185 -0.29 
15.21 26.4092 -0.36 
18.17 26.4002 -0.44 
20. 72 26.3938 -0.50 
21.90 26.3910 -0.53 
24.92 26.3860 =0.60 
27.50 26.3846 -0.64 
29.75 26.3834 -0.69 
32.96 26.3847 -0.76 
36.22 26.3897 -0.81 
39.21 26.3961 -0.86 
42.36 26.4057 -0.91 
45.30 26.4171 -0.95 
47.66 26.4278 -0. 98 
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APPENDIX E. TABULATION OF MAGNETORESI STANCE DATA 
In Table 6 the magnetoresîstance, p(H)-p(0)j Is given in nQ-ctn and 
the magnetic field, H, is given in kOe. Values of p(0) can be found in 
Table 1. 
Table 6. MagnetoresIstance data 
H p (H) -p (0 )  H  p (H ) -p (0 )  
Cu 
5-3 1.05 65.8 -5.46 
11.6 2.67 75.6 -6.38 
17.4 4.01 85.7 -7.39 
25.7 6.01 
34.0 7.53 Cu-Cr(645) 
42.4 9.06 
50.4 10.01 5.9 -0.30 
58.9 11.16 11.6 -1.29 
66.3 12.50 17.4 -2.35 
72.9 13.35 25.7 -4.40 
79.4 14.12 34.0 -6.45 
84.7 14.50 42.4 -8.66 
50.4 -10.86 
Cu-Cr(ll4) 58.9 -13.13 
66,3 -!5.!7 
8.3 0.48 72.9 -16.68 
15.8 1.15 79.4 -18.33 
24.7 2.20 84.7 -19.52 
35.1 2.87 
45.4 3.63 Cu-Cr (1236) 
55.4 4.59 
65.8 5.65 8.3 -1.41 
75.6 6.13 15.8 -3.55 
85.7 6.62 24,7 -7-14 
35.1 -10. 77 
Cu-Cr (286) 45.4 -14.94 
55.4 -18.70 
8.3 -0.31 65.8 -22.85 
15.8 -0.72 75.6 -26.80 
24.7 -1.50 85.7 -31.03 
35.1 -2.68 
45.4 -3.92 
55.4 -4.74 
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H p (H) -p (0 )  H  p (H ) -p (0 )  
Cu-6Ni 
5.9 -0.18 
12.6 -0.04 
19.4 0.05 
27.7 0.20 
36.1 0.58 
44.0 0.93 
52.3 1.31 
59.8 1.82 
67.1 2.20 
73.2 2.62 
79.5 3.62 
84.8 3.98 
Cu-ôNi-Cr (138) 
5.9 0.16 
12.6 -0.14 
19.4 -0.83 
27.7 -1.71 
36.0 -2.87 
44. 0 -4.09 
52.3 -5.27 
59.8 -6.66 
67.1 -7.91 
73.2 =8.71 
79.5 -9.54 
84.8 -10.29 
Cu-6Ni-Cr(301 ) 
5.9 -0.35 
12.6 -1.18 
19.4 -2.65 
27.7 -4.80 
36.0 -7.53 
44.0 -10.22 
52.3 -13.14 
59.8 -16.20 
67.1 -18.91 
73.2 -21.08 
79.5 -23.23 
84.8 -25.28 
Cu -6Ni-Cr (645) 
8.8 -0.59 
15.4 -2.57 
24.7 -5.85 
35.0 -10.66 
45.2 -16.10 
55.1 -21.07 
65.5 -27.50 
75.6 -32.75 
85.1 -37.59 
Cu-ôNi-Cr(1185) 
8.8 -1.24 
15.0 -3.79 
24.7 -8.99 
35.2 -16.12 
45.2 -24.22 
55.1 -32.43 
65.3 -41.55 
75.6 -50.72 
85.4 -60.03 
Cu-13Ni 
5.9 -0. û4 
11.6 -0.08 
17.4 0.17 
25.7 0.43 
34.0 0.96 
42.4 1.27 
50.4 1.33 
58.9 1.76 
66.3 1.97 
72.9 2.29 
79.4 2.92 
84.7 4.05 
Cu-13Ni-Cr(l60) 
5.9 0.06 
11.6 -0.02 
17.4 -0.09 
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H p (H) -p (0 )  H  p (H ) -p (0 )  
25.7 -0.18 65.3 -25.71 
34.0 -0.49 75.6 -32.71 
42.4 -1.04 85.4 -38.78 
50.4 -1.56 
58.9 -2.12 CU-23NÎ 
66.3 -2.59 
72.9 -3.16 6.8 0.56 
79.4 -3.54 12.7 1.10 
84.7 -3.72 18.4 1.27 
25.8 1.58 
Cu-13Ni-Cr(278) 32.9 1.79 
40.3 2.06 
8.7 0.05 47.1 2.27 
15.6 -0.24 54.4 2.49 
24.7 -0.75 61.0 2.72 
35.0 -1.64 68.5 2.92 
45.3 -3.06 74.9 3.28 
55.3 -4.58 80.2 3.36 
65.5 -6.10 84.8 3.55 
75.5 -7.84 
85.5 -9.85 Cu-23N1-Cr(l40) 
Cu-13Ni-Cr(531) 6.8 0.28 
12.7 0.54 
S. 7 -0. 10 18.4 0.56 
15.6 -0.73 25.8 0.76 
24.7 -1.86 32.9 0.68 
35.0 -3 • 88 40.3 0.70 
45-3 -6.64 47.1 0.62 
55.3 -8.98 54.4 0.47 
65.5 -12.07 61.0 0.38 
75.5 -15.24 68.5 0.28 
85.5 -18.62 74.9 
Sri 9 
0.04 
Q 00 
Cu-13Nî-CrO205) 
ou» c. 
84.8 -0.28 
8.8 -0.50 Cu-23Ni-Cr(327) 
15.0 -1.92 
24.7 -4.73 6.8 0.60 
35.2 -9.12 12.7 0.64 
45.2 -14.93 18.4 0.51 
55.1 -19.73 25.8 0.55 
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